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ABSTRACT 

This report was prepared for presentation at the STRATCOM Advanced Concept Technology 

Demonstration (ACTD) meeting held in Albuquerque, New Mexico, May 21,2003. 

It discusses the methods that can be used to estimate the mechanical properties of rock masses, 

such as deformability and strength. Special emphasis is put on the fact that rock mass properties 

are subject to an effect of scale, i.e. the properties measured on laboratory-scale samples are not 

representative of in-situ properties because of the presence of geologic discontinuities. 

This information is relevant to the planning of new field tests to asses the effects of explosions in 

the ground that are part of the on-going ACTD. 
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Part I 

Deformability of Rock Masses 

Plate bearing tests on isotropic rocks El 
Boussinesq (1885) solution for 

stress distribution under a square 
area in an elastic isotropic medium. 
The stress contours give an 

estimation of the volume of rock 
exercised by the test (after Seed, 
1965). 

4 



Plate tests - Example (Wallace et al, 1970) 

Note: USBR cost, 10 years ago, at Monk Hollow dam site, Utah, was 300K for 6 tests, 
not including rock surface preparation (G. Scott, pers. communic., 05/08/03) 

Plate tests - Equipment calibration (Wallace et al, 1970) 



Plate test analysis (Belin, 1959) m 
In isotropic media, the modulus of the rock mass is calculated as: 

E = K .P. x .a.(I-vz)/ U 

where 

K : coefficient = 0.50 for a perfectly rigid plate 

= 0.54 for a perfectly flexible plate 

P : applied pressure on the plate 

a : radius of the plate (assumed circular) 

v : Poisson's ratio of the rock mass (assume it to be 0.25) 

U : average displacement of the plate 

7 

Plate tests on anisotropic rocks 

The pressure bulb shape under a plate is influenced by rock mass anisotropy (Singh, 1973a) 
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Plate tests on anisotropic rocks (cont.) m 

L I .  

I I 
D 

When con-Jcting F.-.J bearing tests on anisotropic rocks,  the modulus calculated from an 

isotropic solution can be in error due to the rock mass anisotropy, and possibly due to the plate 
geometry. Results based on 2-0 finite element simulations (Heuze and Salem, 1977). 
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Other plate tests (Wallace et al, 1969) I2 

I 
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Pressure chamber tests (Wallace et al, 1970) 
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Pressure chamber tests (Wallace et al, 1970) 
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Pressure chamber tests (Wallace et al, 1970) 
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Pressure chamber tests (Wallace et ai, 1970) 
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Pressure chamber tests (Wallace et al, 1970) 

I I 

Multi-position extensometers are used to measure displacements inside the rock mass. 
15 

Analysis of pressure tests in circular openings 
~~ ~ ~ ~~ 

This applies to tunnel tests such as above, or to dilatometer tests in 
boreholes. The rock mass modulus is obtained from: 

Measuring the change in diameter, isotropic case: 

E = [AP. D.(l+v)] /AD 

where: 

AP : increase in applied pressure 

D : diameter 

v 

AD : change in diameter 

: Poisson's ratio of the rock mass (assume 0.25) 

or 
66 9 Measuring the displacement U(r) at depth r' into the rock mass: 

E = [AP . D2. (l+v)] I [4. r. U(r)] 
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The NX-Borehole Jack (Goodman et al, 1968) 

n 

The NX-Borehole Jack 

The pistons are in the center section, while the LVDTs are near the extremities. So, the rock- 
bearing plates may be bent outward at the L M T  locations, creating an excessive displacement 
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m The NX-Borehole Jack - Data analysis 

E& = Q,MQ,faAm3 T4 
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The calculated modulus, Ecalc, must be corrected as described by Heuze and 
Amadei, 1985. See also ASTM Standard D 4971-89. 

The NX-Borehole Jack - Data calibration m 

II 
?! 

Heuze and Amadei, 1985, and 

ASTM Standard D 4971-89. t 
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Borehole and gallery tests in anisotropic media 

Dilatometer 

Borehole jack 

(Amadei and Savage, 1991) 
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Other field deformability tests - Flat jacks 

.. 
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Flat jacks (cont.) 

After Jaeger and Cook, (1976) and 
Goodman (1980). 

See also Loureiro-Pinto et al , 1986 * * i t  t 

r -  . -8 

t. r 

4 -  

i 

The rock mass modulus E is 
calculated from the displacement of 
reference points, upon pressurizing 
the rock slot with a flat jack 
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Other field deformability tests - Curved jacks B&I 

“Corejacking” test in rocksalt (Blankenship and Stickney, 1982) 
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Other field deformability tests (cont.) a 

“Petite sisrnique” results ( Bieniawski, 1979). Method proposed by Schneider, 1967. 
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rn “Petite sismique” in the Climax granite 

Petite sismique lay-out at SFT-C 
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“Petite sismique” in the Climax granite 

Petite sismique record at SFT-C 

n 

“Petite sismique” in the Climax granite 

I 
I 

The correlation N-E,, does not seem to fit with other test results or correlations 
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Comparison of different tests - Scale effects m 

Climax granite, NTS, Nevada, (Heuze, 1982) 
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Static vs. dynamic moduli; ex: sedimentary rocks 

--. - -.- * 

The moduli calculated from dynamic tests are generally much higher than those 

calculated from static tests. In seismic tests, the stress level is usually much 

lower than in static tests (After Link, 1964). 
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Joint spacing versus RQD 

After Deere (1964), and Priest 

and Hudson (1976) 
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Estimating rock mass modulus variation 

In a rock mass with 3 orthogonal 
joint sets, curve AB can be drawn 
when knowing the average joint 
spacing if one knows the modulus at 
a point or has an estimate of normal 
joint stiffness (WEf= 1E,+ I/s.K,,). 

If the RQD is obtained at another 
location, the in-situ modulus can 
then be estimated (Heuze, 1971). 



1 I 

I Rock mass modulus versus RQD 

Ihp@x+, f r m  mlty @ea) !IS dritt (tightf 

Example in tuff, Nevada Test Site, (Heuze et al., 1995) 
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Additional models of jointed rock masses 

E's : Young's moduli; G s  : shear moduli; V's ; Poisson's ratios 

Three orthogonal joint sets, not equally spaced (Duncan and Goodman, 1968). 

See also Gerrard (1982), and Fossum (1985) 
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Comparison of different tests - Scale effects 

(Wallace et al, 1972) 

Different tests will exercise 

different volumes of the rock 

mass at different stress levels. 

37 

rn Comparison of different tests - Scale effects 

Heuze, 1980 



M Summary of scale effects 

Heuze, 1980 

Summary of scale effects (cont.) 

Heuze, 1980 



Part 2 

Strength Tests of Rock Masses 

41 

In-situ strength tests - Compressive strength 

Bieniawski on coal, 1967. See also Bieniawskl et al, 1975 
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Strength tests scale effects - A reminder M 
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rn Strength tests scale effects (cont.) 
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In-situ strength tests - Bearing capacity 

Nair, US. Bureau of Mines, 
1974 
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Bearing capacity test results in various rocks 

. 

Heuze (1980) 
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Field direct shear tests -Wallace et al ,1969 

,, , .  . f  
? +t 

Field direct shear tests -Wallace et al ,1969 
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Field direct shear tests -Wallace et al ,1969 

I 

I 
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Field direct shear tests -Wallace et al ,1969 

M 
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Field direct shear tests - another example 
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Scale effects on joint shear strength 

The empirical equation of Barton (1973) for peak shear strength: 

an : normal stress on the joint 

JCS : effective joint wall compressive strength (often taken as a,) 

a, : wall rock unconfined compressive strength 

JRC :joint roughness coefficient 
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Scale effects o n  joint shear strength (cont.) m 

' *  - ...,a :-*,-e- .. 

Examples of JRC values and shear strength for different JCS values (Bandis, Lumsden , and Barton, 1981) 
53 

Scale effects o n  joint shear strength (cont.) 

Experimental results 
Rough joint: scale effect Smooth joint: no scale effect 
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Scale effects on joint shear strength (cont.) 

Scaling equations proposed by Barton et al, 1985. The subscript n refers to in-situ. The 
subscript 0 refers to laboratory. 

Shear displacement to peak shear strength. 
L is the sample dimension in meters. 

Joint Roughness Coefficient 

Joint Compressive Strength 
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Scale effects on joint shear strength (cont.) res 

'E 
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Laboratory results vs. expected in-situ results, based on the 

preceding scaling equations (Barton et ai, 1985) 
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Part 3 

Strength Criteria for Rock Masses 

= Hoek and Brown criterion = 
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1 The 1988 update 

Shows a clarification concerning the 
applicability of the criterion. Note the 
reference to Amadei, 1988. 

\ -- 
I 60 



The first GSI (1992) IB9 

m The 2002 Update 

The entire procedure is available online at: www.rocscience.com, in the program Rocklab, 
that includes tables and charts to estimate Crci, mi, and the GSI. The strength equations are: 
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The 2002 Update - The Damage factor @ 
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_____ 

The 2002 Update - The Damage factor (cont.) 

, . . .  . _" ,.., . i  , . ~ .  . .L . . - 

64 



The 2002 Update - Empirical modulus vs. GSI 
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